The major cause of sensorineural hearing loss and vestibular disorders is the loss of hair cells (HCs) in the inner ear (Nadol, 1993) . This can occur for many reasons, including aging, genetic disorders and exposure to noise or toxins. Moreover, although HC regeneration occurs in birds and fish, the loss of HCs in mammals is currently irreversible. It is thus important to develop therapies that can prevent HC loss or induce HC regeneration in patients.
Potential treatments for inner ear disorders include gene therapy. It has been demonstrated experimentally that gene transfer into the inner ear can induce the expression of protective substances (Kawamoto et al., 2003) , correct genetic disorders (Maeda et al., 2007) , and induce HC regeneration (Izumikawa et al., 2005) . Gene transfer into the inner ear also has the advantage that this site is relatively isolated from other tissue and the spread of gene transfer vectors to other organs is likely to be limited.
Adenovirus vectors (AdVs) have been widely explored for gene therapy because of their ability to mediate transgene expression in many cell types. However, adenoviral toxicity restricts their use for clinical medicine, and they do not efficiently transduce all types of cells. This is particularly true of HCs, which are one of the most important targets for gene therapy of the inner ear. Augmentation of gene expression efficacy from AdVs may be helpful for inner ear gene therapy because it would potentially decrease the quantity of vector required for therapy and thus decrease the potential for toxicity. It may also increase the numbers and types of inner ear cells that can effectively be transduced.
Acetylation of core histones is an important regulator of gene expression in eukaryotic cells, since it reduces the density of nucleosomes and enhances exposure of DNA to the transcriptional machinery of the cell. Histones may be involved in efficient transduction with vector DNA, as well. Viruses produce histone-like proteins and recruit them to their DNA, which can increase transcriptional access (Grove and Saavedra, 2002) . A histone deacetylase inhibitor (HDI): trichostatin A (TSA) has been shown to enhance AdV-mediated transgene expression in a number of cell types (Dion et al., 1997) , and this property may be helpful in overcoming some limitations of gene therapy using AdVs. However HDIs have not been evaluated for their potential to enhance AdV-mediated gene expression in the inner ear. The present study was designed to assess the effects of TSA on transgene expres-sion mediated by AdVs in inner ear cells, and to determine whether TSA altered core histone acetylation.
EXPERIMENTAL PROCEDURES Adenoviral vectors (AdVs)
Replication-incompetent AdVs (E1/E3 deleted, CMV promoter, serotype 5 expressing green fluorescent protein (Ad-GFP) or ␤-galactosidase (Ad-LacZ)) were used.
Cell culture and treatment
As a positive control for the effects of TSA, the Rat-1 fibroblast cell line was infected with Ad-GFP at 30 PFU/cell. After infection, the cells were cultured in the presence or absence of 500 nM TSA for 48 h. The effect of TSA on GFP expression was evaluated by fluorescence microscopy.
Tissue culture of vestibular maculae and organ of corti
Utricular and saccular maculae and organs of Corti were dissected from Wistar rat pups at postnatal days 3-5 (P3-5). The vestibular explants were then transferred into a 24-well plate and cultured with the HC layer uppermost. The explants were maintained in culture medium composed of Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 30 U/ml penicillin, to which HEPES buffer had been added to a concentration of 25 mM.
Culture wells contained 500 l of medium and were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . The experimental protocol adopted for this study was approved by the Animal Subjects Committee of the San Diego VA Medical Center.
Administration of TSA and Ad-GFP or Ad-LacZ
The explants were incubated in the serum-free medium containing 1ϫ10 7 PFU/ml of Ad-GFP or Ad-LacZ for 24 h. The medium was then replaced with fresh DMEM containing 10% FBS, and TSA (500 nM final concentration) was added to the medium at designated times (Fig. 1) .
Measurement of transduction efficiency
Forty-eight hours after transduction with Ad-GFP, the explants were fixed with 4% paraformaldehyde (PFA) for 30 min. Explants were first evaluated as whole-mounts under fluorescence and confocal microscopy. They were then embedded in OCT compound and sectioned at 10 m on a cryostat. The sections were nuclear-stained with DAPI and immunostained for myosin 7A to distinguish HCs from supporting cells. The percentages of GFPpositive cells were normalized to the number of DAPI-positive cell nuclei. Expression of Ad-LacZ was examined by whole mount X-gal staining followed by sectioning. Explants were fixed with 4% PFA and immersed in X-gal solution. They were then embedded in OCT and sectioned at 10 m.
Western blotting for detection of histone acetylation
TSA-treated and normal control vestibular maculae were evaluated for acetylation of histones by Western blotting. Twenty vestibular organs from P4 rats were lysed in 400 l T-PER (Tissue Protein Extraction Reagent). The samples were then spun down at 1000 rpm for 2 min and the supernatant discarded. The tissue was then homogenized. NuPAGE LSD sample buffer and NuPAGE Reducing Agent (Invitrogen, Carlsbad, CA, USA) were mixed with the samples and they were heated to 70°C for 3 min. The samples were then kept on ice for a few minutes. Thirty microlitres of tissue lysates were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 7.5% gels and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore, Bedford, MA, USA). The membranes were blocked with 5% nonfat dried milk in TBS-Tween [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% Tween 20] for 60 min at room temperature. The blots were incubated with a primary antibody (mouse monoclonal anti-acetyl-lysine antibody AKL5C1, (sc-32268; Santa Cruz Biotechnology, Santa Cruz, CA USA) that detects N-espilon-acetylated lysine residues) in blocking buffer overnight at 4°C and then incubated with horseradish peroxidase- labeled anti-mouse IgG antibody (sc-2005; Santa Cruz) as a secondary antibody, followed by chemiluminescent detection of labeling at the molecular weights corresponding to core histones H3 and H4. To verify protein loading, the PVDF membranes were immediately stripped by placing the membrane in stripping buffer (0.5 M NaCl and 0.5 M acetic acid) for 30 min at room temperature. The membrane was washed once for 10 min in TBS-Tween, reblocked, and blotted with an antibody to ␤-actin as an internal control for protein quantity.
Acetylation of histones in tissue
We also evaluated histone acetylation in TSA-treated explants by immunohistochemistry using an antibody against acetylated histone. Vestibular macula explants were embedded in OCT compound and sectioned at 10 m on a cryostat. The sections were then reacted with rabbit monoclonal anti-acetylated histone H3 (Lys23) antibody (#9674; Cell Signaling Technology, Beverly, MA, USA) and FITC-labeled anti-rabbit IgG (#0936; DAKO, Glostrup, Denmark) as a secondary antibody, followed by fluorescence microscopy.
Effects of TSA on the expression of an endogenous gene using a transgenic reporter mouse
In order to examine the effects of acetylation on an endogenous gene encoding the same protein encoded by Ad-GFP, we used transgenic mice in which GFP is expressed in HCs under the control of a pou4f3 promoter construct (Erkman et al., 1996) . Vestibular maculae and organ of Corti from P3-P5 mice were cultured with or without TSA for 2 days. The intensity of HC GFP fluorescence was then evaluated by image analysis.
PI evaluation of cell viability
In order to assess the toxicity of Ad-GFP itself and of Ad-GFP plus TSA, we evaluated the viability of cells using propidium iodide (PI) exclusion. Explants were treated with Ad-GFP, with or without TSA as above. They were then incubated with PI (P-3566, 1:2000; Molecular Probes, Invitrogen) in PBS solution for 15 min at room temperature. The explants were washed with HBSS three times and fixed with 4% PFA for 30 min, followed by evaluation under light and fluorescence microscopy. Cells exhibiting nuclear staining with PI were scored as nonviable. 
Statistical analysis
Quantitative differences were evaluated using Student's t-test. Significance was evaluated at a level of PϽ0.05. Data are presented as means and standard errors, along with the number of explants used in each condition.
RESULTS

Effect of TSA in cell lines
Rat1-fibroblasts, which were obtained from American Type Culture Collection, were infected with Ad-GFP and cultured in the presence or absence of TSA. As shown in Fig.  2A , B, TSA significantly augmented expression of GFP, even though there was no significant difference in the density of the cultured cells themselves.
Effect of TSA in inner ear tissues
The effect of TSA on Ad-GFP expression in inner ear tissues is illustrated in Figs. 3-8 . In the absence of TSA, GFP-positive cells were primarily localized in peripheral regions of vestibular maculae (Fig. 3A) . However, in explants treated simultaneously with TSA, the number of GFP positive cells was substantially increased and GFP positive cells were observed not only in the periphery but also in the central region of the macula (Fig. 3B) . Sections revealed that both supporting cells and HCs were transduced with Ad-GFP in the absence of TSA (Fig. 3A' ), although HCs were much less commonly transduced in agreement with previous studies (Dazert et al., 2001; Jero et al., 2002; Yagi et al., 1999) . TSA significantly increased Ad-GFP expression in both supporting cells and HCs (Fig.  4B') , with the result that substantial numbers of HCs were transduced. In the HC layer, transduction efficiency rate increased from 3.09Ϯ0.84% to 17.6Ϯ1.35% (meanϮSE); that is, by sixfold (PϽ0.05, nϭ7) (Fig. 3C ). In the supporting cell layer, it increased from 7.18Ϯ1.35% to 33.18Ϯ 1.66% (meanϮSE); that is by 4.2 fold (PϽ0.05, nϭ7) (Fig.  3C) . Thus the enhancement in HC transduction was somewhat greater than that seen in supporting cells. TSA also enhanced Ad-LacZ transduction (Fig. 4) .
In organ of Corti explants, we used the same treatment paradigm as in the vestibular epithelium. TSA was added to the media at the same time as Ad-GFP. TSA also enhanced Ad-GFP transduction in both supporting cells and HCs (Fig. 5) . However, inner HCs were consistently transduced at higher levels than were outer HCs with TSA ( Fig. 5B' and B'') . In inner HCs, TSA enhanced transduction efficiency from 3.33Ϯ1.86% to 58.33Ϯ2.94% (meanϮSE); that is, by more than 17 fold (PϽ0.001, nϭ6). For outer HCs, it increased transduction from 3.33Ϯ0.97 to 5.83Ϯ0.64; that is by less than twofold (Pϭ0.2, nϭ6).
Prior treatment with TSA has no effect on Ad-mediated transgene expression
When TSA was administered 24 h after Ad-GFP application, histone deacetylase (HDAC) inhibition enhanced Ad-GFP expression to a degree comparable to that seen with simultaneous treatment when compared to Ad-GFP alone (Fig. 6B) . Thus in vestibular sensory epithelium, transduction efficiency in the HC layer increased from 3.92Ϯ0.05% to 19.47Ϯ5.98% (meanϮSE); that is, fivefold (PϽ0.05, nϭ11). In the supporting cell layer efficiency increased from 12.4Ϯ0.48 to 32.75Ϯ6.33 (meanϮSE); that is, 2.5 fold (PϽ0.05, nϭ11). However, when TSA was added to the media 24 h prior to Ad-GFP but then discontinued upon Ad-GFP treatment, there was no effect of TSA on transduction efficiency (Fig. 6A) . These results suggest that the effect of TSA on adenoviral transgene expression is not mediated by an increase in uptake of Ad-GFP, but rather is mediated by the augmentation of transgene expression.
Association of core histone hyperacetylation with the enhancement of Ad gene expression
Histones are acetylated at their lysine residues. Their acetylation was detected by Western blotting of macular explants using an anti-acetyl-lysine antibody. TSA induced subtantially more acetylation of histones H3 and H4 in inner ear cells (Fig. 7) . The amounts of ␤-actin protein observed in the blots were similar. We also evaluated histone acetylation by immunohistochemisty, using an antiacetylhistone antibody (Fig. 8) . In explants without TSA, few cells displayed visible immunolabeling (Fig. 8A) . However, in explants exposed to TSA, the nuclei of almost all cells were labeled (Fig. 8B) , indicating extensive hyperacetylation.
Influence of TSA on expression of an endogenous gene
In order to assess whether TSA might influence the expression of an endogenous gene, we used explants from transgenic mice in which an integrated gene construct directs the expression of GFP to HCs. No significant differences in HC GFP expression were observed with TSA ( Fig. 9A, 9B ), suggesting that TSA does not influence the regulatory DNA of the integrated transgene, nor does it influence the fluorescence of GFP directly.
The effect of TSA on adenoviral toxicity
We determined the viability of sensory epithelial cells using a PI exclusion assay. Exposure to AdV increased PI staining in explants, suggesting toxicity to inner ear cells (Fig.  10A) although it was not severe with the amount of Ad-GFP used for the present study. The addition of TSA had no significant effect on PI labeling of explants (Fig. 10B ) (Pϭ0.3, nϭ7), indicating that decreased toxicity is not responsible for the observed effects of TSA on transduction.
DISCUSSION
AdVs are powerful tools for gene therapy. Several studies have demonstrated successful gene transduction of cells in the inner ear using AdVs, indicating their potential utility at this site. Luebke et al. (2001) reported effective transduction and no apparent ototoxicity using AdVs. Staecker et al. (2007) observed functional HC regeneration following Math1 gene transfer using AdVs. However inconsistent results have been reported, especially in terms of the tropism of AdVs for HCs; for example, Holt et al. (1999) reported successful Ad-GFP transduction in HCs but in contrast, Shou et al. (2003) found that Ad-GFP preferentially transduced supporting cells, but rarely if ever HCs. Our present study is consistent with the latter finding. Very few HCs were transduced in the absence of TSA, while moderate numbers of supporting cells showed reporter gene expression. AdV transduction efficiency can also be dependent upon age (Umegaki et al., 2003) , and it is possible that the effects of TSA might also change with the developmental stage. In preliminary experiments for this study, we found that in vitro Ad-GFP transduction of inner ear sensory epithelia was more efficient at P1 that at P3-P5 (data not shown). It will be of interest to evaluate the effects of TSA on AdV transduction at both earlier and later stages of development than used for the present study.
Treatment with TSA significantly enhanced Ad-GFP gene expression in supporting cells. In addition, to our surprise, TSA induced transgene expression in many HCs as well. Also, in the cochlea, TSA enhanced gene expression to a much greater extent in inner HCs than in outer HCs. Little is known about differences in the TSA sensitivity of cells, but it appears that HCs are much more sensitive to TSA than supporting cells and that inner HCs are more sensitive than outer HCs. The differential sensitivity does not appear to be related to differences in histone aceytlation between the various cell types, since we observed similar enhancement of histone acetylation in supporting cells and HCs (Fig. 8) , and since Chen et al. (2009) recently observed that treatment of neonatal mouse organ of Corti with TSA induced robust acetylation of histones in outer HCs as well as inner HCs.
The mechanism by which HDAC inhibitors influence Ad-GFP transduction is not clear. Some authors suggest that transduction efficacy is increased via the up-regulation of the coxsackie and adenovirus receptor (CAR) on target cells (Kitazono et al., 2001a) . However in our experiment, treatment with TSA prior to Ad-GFP transduction had no effect on AdV-mediated gene expression, suggesting that the augmentative effect of TSA is not likely to involve an increase in Ad-GFP uptake, which could be mediated by CAR.
Alternatively, as noted above, acetylation of histones is known to play an important role in the regulation of gene transcription in eukaryotic cells. Acetylation and deacetylation are catalyzed by specific enzyme families, histone acetyltransferases (HATs) and deacetylases (HDACs) and hyperacetylation of core histones in the nucleus is associated with enhanced gene expression. Much less is known about the role of histones in Ad-GFP gene transcription. The present study demonstrated that TSA caused both hyperacetylation of core histones and enhanced AdV-mediated transgene expression in inner ear cells. However, the adenoviral genome is not integrated into the host genome and may not use histones of host origin, although adenovirus has its own histone-like proteins Sung et al., 1977) , which are known to be acetylated (Fedor and Daniell, 1980) . While a direct causal relationship between enhanced gene expression and hyperacetylation of Ad-GFP histone-like proteins was not demonstrated, our study suggests that acetylation may be important for the regulation of Ad-GFP insert transcription. This could occur in a manner analogous to the effects of core histone acetylation on host cell gene expression. However, as noted above cells with similar levels of histone acetylation showed different levels of transduction enhancement. Moreover, it should be noted that there are many other cellular and nuclear proteins whose acetylation can be enhanced by TSA, including a number whose acetylation state influences gene transcription. This includes both specific and general transcription factors (Das and Kundu, 2005) .
It is also not clear why HCs should be more sensitive to TSA than other inner ear cells. However, Gaetano et al. (2000) reported that TSA ehancement of AdV-mediated gene expression is particularly strong in cells bearing retinoic acid receptor (RAR) and retinoid X receptor (RXR) complexes. The CMV promoter used in Ad-GFPs contains repeated RAR elements, and these authors concluded that RA may co-operate with TSA on the CMV promoter, with TSA enhancing access to RAR elements by RA. RARs and RXRs are known to be present in the developing sensory epithelia of the inner ear (Romand et al., 1998) . Moreover, HCs have been found to be particularly sensitive to the effects of RA (Kelley et al., 1993; Raz and Kelley, 1999) .
While AdV-transduced expression of GFP, as well as of LacZ, was amplified by TSA treatment, endogenous GFP expression in the HCs of a transgenic mouse was not affected. This is perhaps not surprising, since GFP is expressed at high levels in the HCs of these mice, and thus the regulatory and transcriptional DNA of active genes is presumably highly acetylated (Verdone et al., 2006; Heintzman et al., 2007) . While TSA has been found to regulate some endogenous genes (Dombrowsky and Uhlig, 2007) , the effects of HDAC inhibition vary depending upon the gene. In fact, Van Lint et al. reported that the expression of only approximately 2% of cellular genes is affected by histone hyperacetylation due to HDIs (Van Lint et al., 1996) . This may be because epigenetic downregulation of eukaryotic genes is more likely to be caused by histone or DNA methylation than by hypoacetylation (Zhang and Reinberg, 2001 ).
Whatever the mechanism by which TSA enhances Ad-GFP transduction, this effect is not restricted to AdGFPs. Similar effects of TSA have been reported in other viral vectors and even nonviral transfection methods such as lipofectamine [our data not shown; Tobias et al., 2000; Kitazono et al., 2001b; Yamano et al., 2000] .
CONCLUSION
The present study demonstrates the potential utility of HDAC inhibitors for overcoming limitations of AdV-mediated gene therapy targeting HCs of the inner ear.
